AbstrAct Epigenetic regulations in the form of changes in differential expression of noncoding RNAs (ncRNAs) are an essential mechanism of stress response in plants. Previously we showed that heat treatment in Brassica rapa L. results in the differential processing and accumulation of ncRNA fragments (ncRFs) stemming from transfer RNAs (tRNAs), ribosomal RNAs (rRNAs), small nuclear RNAs (snRNAs), and small nucleolar RNAs (snoRNAs). In this work, we analyzed whether ncRFs are differentially expressed in the progeny of heat-stressed plants. We found significant changes in the size of tRF reads and a significant decrease in the percentage of tRFs mapping to tRNAAla, tRNA-Arg, and tRNA-Tyr and an increase in tRFs mapping to tRNA-Asp. The enrichment analysis showed significant differences in processing of tRFs from tRNA Ala(AGC) , tRNA Ala(UGC) , tRNA Arg(UGC) , tRNA Thr(UGU) , tRNA Pseudo(UCC) , and tRNA Val(CAC) isoacceptors. Analysis of potential targets of tRFs showed that they regulate brassinosteroid metabolism, the proton pump ATPase activity, the antiporter activity, the mRNA decay activity as well as nucleosome positioning and the epigenetic regulation of transgenerational response. Gene ontology term analysis of potential targets demonstrated a significant enrichment in tRFs that potentially targeted a cellular component endoplasmic reticulum (ER) and in small nucleolar RNA fragments (snoRFs), the molecular function protein binding. To summarize, our work demonstrated that the progeny of heat-stressed Brassica rapa plants exhibit changes in the expression of tRFs and snoRFs but not of small nuclear RNA fragments (snRFs) or ribosomal RNA fragments (rRFs) and these changes likely better prepare the progeny of stressed plants to future stress encounters. P lant response to stress includes the immediate response at the level of somatic cells (Yao and Kovalchuk, 2011) , the delayed response in previously exposed and unexposed tissues (Yao et al., 2011a (Yao et al., ,b, 2013 as well as transgenerational effects (Yao and Kovalchuk, 2011; Migicovsky et al., 2014; Suter and Widmer, 2013) . The response to stress involves changes in the metabolic and enzymatic activity, changes in protein stability, and changes in the transcriptional activity. Changes in the transcriptional activity include the differential mRNA and ncRNA expression. In fact, both short-and longterm responses to stress involved changes in transcriptional activity (Avramova, 2015) .
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Noncoding RNAs play many important roles in the normal plant development and in response to stress (Zhao et al., 2016) . Among ncRNAs, microRNAs (miRNAs) are the most well-known ncRNAs that regulate plant development from vegetative growth to flowering, gamete formation, and embryo and endosperm development (Li and Zhang, 2016) . MicroRNAs are also known to change in abundance in response to stress; many miRNAs have been shown to be up-or downregulated in response to abiotic and biotic stress (Zhao et al., 2016; Barciszewska-Pacak et al., 2015) . Other ncRNAs, such as long noncoding RNAs (lncRNAs) (Nejat and Mantri, 2017) , trans-acting small-interfering RNAs (ta-siRNAs) (Katiyar et al., 2015) and natural antisense transcript siRNAs (nat-siRNA) (Borsani et al., 2005) are also considered to be stress-responsive.
In the last decade, another set of ncRNAs processed from longer precursors and known as ncRNA fragments, or ncRFs, have gained recognition of being potentially important for stress response in both animals (Anderson and Ivanov, 2014) and plants (Cognat et al., 2017) . Such ncRFs are processed from various ncRNAs, including tRNAs, snoRNAs, snRNAs, and some others. In the case of the processing from tRNAs, such fragments are called tRNA halves (tiRNAs) if they are the result of cleavage in the middle of tRNA and tRNA fragments (tRFs) if they are processed closer to the 5´ or 3´ end. We have recently reported that tRFs are more frequently processed from the 5' end and that in the cases when such tRFs are enriched, the processing occurs at the last unpaired nucleotide of the D-loop of a mature tRNA (Byeon and Kovalchuk., 2017) . Transfer RNA fragments were shown to be upregulated in response to phosphate deficiency (Hsieh et al., 2009 ) and in response to drought (Loss-Morais et al., 2013) in Arabidopsis [Arabidopsis thaliana (L.) Heynh.] or heat in wheat (Triticum aestivum L.) plants . In addition, the enrichment was observed in specific tRFs stemming from Val, Ser, Thr, and Tyr tRNAs in response to heat in wheat and even in tRFs processed from a specific isoacceptor tRF His(GTG) in response to phosphate starvation in barley (Hordeum vulgare L.) (Hackenberg et al., 2013) .
In our recent work, we analyzed the abundance of ncRF in Brassica rapa plants exposed to heat. We demonstrated that a brief exposure to heat resulted in changes in ncRF expression in the directly exposed tissues (leaves as well as in tissues that were not exposed to heat), the apical meristem, ovules, pollen, the embryo, and endosperm. Changes in ovules and endosperm appeared to be the most pronounced. We found a more prominent bias in the 3´ end processing of ncRFs in response to heat. Furthermore, a significant decrease in the abundance of tRNA Glu and a significant increase in tRNA Asp were observed in leaves, ovules, the embryo, and endosperm (Byeon and Kovalchuk, 2017) . Analysis of tRFs showed that three isoacceptors-tRF Asp(GUC) , tRF Gly(UCC) , and tRF Pseudo(UCC) -were severely underrepresented in heat-stressed tissues.
Our previous work introduced the concept of transgenerational changes in genome stability and tolerance to stress in the progeny of plants exposed to heat, cold, salt, ultraviolet C, and a viral pathogen (Boyko et al., 2010; Kovalchuk et al., 2003; Boyko et al., 2007) . We found that the progeny of stressed plants had a higher frequency of homologous recombination and microsatellite instability as well as an increased tolerance to the stress in ancestor plants and other stresses (Boyko et al., 2010; Yao et al., 2011a; Yao and Kovalchuk, 2011) . Furthermore, we demonstrated that the transgenerational memory depends on the activity of Dicer-like proteins 2 and 3, with 3 being the most essential (Boyko et al., 2010) . We also showed that the progeny of salt-stressed and heat-stressed Arabidopsis plants exhibit changes in DNA methylation and histone modifications (Bilichak et al., 2012) . Finally, we demonstrated the transgenerational cross-tolerance to stresses; the infection of parental tobacco (Nicotiana tabacum L.) plants with tobacco mosaic virus results in a higher tolerance of the progeny to fungal infection (Kathiria et al., 2010) .
Here, we analyzed the differential expression of ncRFs in the progeny of Brassica rapa plants exposed to heat stress. We profiled ncRNAs in leaves of the progeny of nonstressed and stressed plants and found the differential expression and processing of tRFs and snoRFs but not of rRFs and snRFs. The progeny of heat-stressed plants had a significant decrease in the enrichment of several isoacceptors. Gene ontology term analysis of potential targets of differentially expressed tRFs and snoRFs showed a significant enrichment in the cellular component ER and molecular function protein binding. ) provided by fluorescent lamps and a 60% relative humidity at 22°C (Bilichak et al., 2015) . Two weeks post germination, before the appearance of apical inflorescence shoots, plants from the treated group were exposed to 42°C for 3 h per day for 7 d in a row (Bilichak et al., 2015) . Subsequently, plants from both control and treated groups and their progeny were grown in continuous light at 22°C, seeds were collected, and they were used for this study. Both sets of plants were germinated and grown at normal conditions (22°C, 60% humidity, 16-8 day-night) and leaf tissues were collected at 3 wk post germination; two biological replicates were done per each group.
Methods

Plant Growth and Sample Collection
Sequencing Data
Sequencing reads were obtained from our previous study (Bilichak et al., 2015) . The ncRNA sequencing was performed on Genome Analyzer IIx using single sequence reads of 36 nt; 36 nt reads include a 7-nt adaptor and a 29-nt sequence of ncRNA (Supplemental Fig. S1 ) (Bilichak et al., 2015) . The raw and treated reads for ncRNA-and mRNA-seq can be found at http://www.ncbi.nlm.nih.gov/ geo/query/acc.cgi?token=etuxosqqvtktjad&acc=GSE58897.
Sequencing files were downloaded from ftp://ftp. ensemblgenomes.org/pub/plants/release-28/fasta/brassica_ rapa/ncrna/ (Brassica_rapa.IVFCAASv1.28.ncrna.fa.gz).
For alignment purposes, the complete chloroplast and mitochondrial genomes of Brassica rapa were downloaded from http://www.ncbi.nlm.nih.gov/nuccore/NC_015139.1 and http://www.ncbi.nlm.nih.gov/nuccore/NC_016125, respectively. Sequencing reads were processed from fastq format and then aligned to the downloaded ncRNA sequences using Bowtie with the options of '-v 2-best'. To identify a specific type of ncRNA reads in different tissues, we classified all ncRNA reads and presented them as the average frequency of occurrence (as a fraction of 1).
The Identification and Description of Noncoding RNA Fragments Noncoding RNAs matching the 5´ and 3´ ends of ncRNAs were defined as ncRFs. We only took into consideration those reads that were smaller than 27 nt (Supplemental Fig. S1 ). This was done to exclude the fraction of longer reads stemming from sequences of ≥29 nt. The 29 nt fraction of reads stemmed from longer inserts of ncRNAs. In contrast, the fraction of ≤27 nt actually represented the processed fragments of ncRNAs or ncRFs. Only those ncRNAs that had ³5 reads were included in the analysis.
Noncoding RNA Fragments Target Prediction
Potential targets of ncRFs were predicted by psRNA target software (Dai and Zhao, 2011) . A complementarity between ncRFs and their potential target transcripts was evaluated by calculating the maximum expectation score using a scoring schema previously used for miRNAs by miRU (Zhang, 2005) . A complementarity between ncRF sequence and sequences at the target site pair was considered sufficient for the interaction (cleavage or translation inhibition-translation activation) if its score (the maximum expectation) was lower than a threshold. The default cut-off threshold of 3.0 was applied. We also used target accessibility-the maximum energy to open (unpair) the secondary structure around target site (UPE)-to assess the interaction between ncRF and the target. A low UPE represents a high possibility for ncRF to interact (cleave or inhibit or activate translation (Brodersen et al., 2008) with the target and vice versa. Finally, the multiplicity was defined as the number of potential targets for ncRFs on a single mRNA.
The significance of the difference between control and heat groups was done either by two sample t-tests or one sample t-test when no ncRF reads were found for either group.
Gene Ontology Term Analysis of Messenger RNA Targets
To identify pathways that are potentially regulated by ncRFs, we extracted target genes with the expectation value ≤2.5 (see above) and performed their functional annotation using the Brassica database (http://brassicadb. org/brad/searchAll.php) (Kim et al., 2014) . This database returns the results from several annotations including gene ontology, InterPro domain, KEGG, Swissprot, and Trembl. As described (http://plants.ensembl.org/ Brassica_rapa/Info/Annotation/), the ensemble returns the corresponding Arabidopsis genes with a high similarity to Brassica rapa genes. We downloaded the sequence files with corresponding Arabidopsis genes (ftp://ftp. ensemblgenomes.org/pub/plants/release-31/gff3/brassica_rapa/) and performed the ontology analysis using SuperViewer (http://bar.utoronto.ca/ntools/cgi-bin/ntools_ classification_superviewer.cgi). All unique target genes of ncRF sequences for each tissue type were annotated. A ranking score for each functional class was calculated, and the reliability of enrichment (over-or underrepresentation) was evaluated by bootstrapping the input 100 times. In the figures, annotations in bold and black have p < 0.05, and the color bars indicate the normalized frequency calculated as follows: NF = (Number_in_Class input_set / Number_Classified input_set )/(Number_in_Class reference_set / Number_Classified reference_set ). The black range line is the bootstrap standard deviation from 100 bootstraps.
The Analysis of the Distribution of Noncoding RNA Fragment Reads across the Entire Length of Precursor Noncoding RNAs
Each ncRNA sequence was divided into 10 equal-sized bins, and ncRF reads in each bin were counted across all ncRNAs in each ncRNA type. The distribution of ncRF reads was calculated by dividing the read count in each bin by the total read count in all bins in each ncRNA type.
Analysis of the Enrichment of Noncoding RNA Fragments
Relative to the Number of Noncoding RNA Precursors Noncoding RNA reads and ncRFs were extracted for each ncRNA type. Then the enrichment was calculated by dividing the number of ncRF reads (those that were ≤27 nt) by the number of ncRNA reads (those that were ≥29 nt). The ratio of 1 indicates that there was one ncRF for each ncRNA.
Results
Read Mapping and Read Size
We obtained 2,895,793 reads for the progeny of control leaf tissues (referred to as a control in the manuscript) and 4,067,056 reads for the progeny of heat-stressed leaf tissues (referred to as stressed in the manuscript). Mapping the reads demonstrated that the largest percentage of reads mapped to organellar genomes followed by the nuclear genome (excluding regions with ncRNAs) and nuclear genome regions containing ncRNAs (Fig. 1A) . The mapping percentages were similar between the two groups; the only significant difference was in the percentage of unmapped reads (Fig. 1A) .
The 29-nt fraction was the largest in the control and stressed groups (Fig. 1B,C) . The only difference between the two was the 21-nt fraction; it decreased significantly in the stressed group (p > 0.05) (Fig. 1B,C) .
Characterization of Noncoding RNA Reads
We classified ncRNAs as tRNAs, snoRNAs, rRNAs, snRNAs, and miRNAs. The tRNA and rRNA reads were the most common. The progeny of heat-stressed plants had a significantly higher percentage of tRNA reads and a lower percentage of rRNA, snoRNA, and miRNA reads ( Fig. 2A) . The analysis of the distribution of read sizes showed some changes in reads matching rRNA and snoRNA, although none of them were significant (Supplemental Fig. S2) .
Mapping reads to different regions of mature ncRNA precursors showed that the heat group had a change in the distribution of snoRNA reads from those predominantly mapping to 5´ end to those predominantly mapping to 3´ end (Fig. 2B,C) . Changes in other ncRNAs were minor.
Characterization of Noncoding RNA Fragments
Next, we analyzed whether the processing of ncRFs from precursors was different between the progeny of control and heat-stressed plants.
Analysis of size distribution of tRFs showed that fractions of 23 and 26 nt were predominant in both groups; these fractions were significantly different between the control and stressed groups (Fig. 3A) . Comparison of size distribution of tRFs in the exposed parental generation and their progeny showed little difference in these two fractions, indicating that this pattern was likely inherited (Supplemental Fig. S3 ).
The progeny of heat-stressed plants had a significant decrease in the percentage of tRFs mapping to tRNA-Ala, tRNA-Arg, and tRNA-Tyr and a significant increase in tRFs mapping to tRNA-Asp (Fig. 3B) . To analyze whether any specific tRFs were processed more frequently from any specific precursor, we calculated the ratio of tRF reads (reads ≤27 nt) to tRNA reads (reads ≥29 nt). The analysis showed that tRFs processed from several specific isoacceptors such as tRNA Ala(AGC) , tRNA Ala(UGC) , tRNA Arg(CCU) , tRNA Thr(UGU) , and tRNA Val(CAC) were substantially enriched (Fig. 3C) . A significant difference between the control and heat groups was found for tRFs mapping to the following isoacceptors: tRNA Ala(AGC) , tRNA Ala(UGC) , tRNA Arg(UGC) , tRNA Thr(UGU) , tRNA Pseudo(UCC) , and tRNA Val(CAC) (Fig. 3C ). The heat group contained 17-and 26-nt fractions of rRFs, whereas the control group had only the 26-nt fraction (Fig. 4A) . Small nucleolar RNA fragment had two major fractions of 20 and 26 nt, and the heat group had a significantly higher percentage of the 17-, 19-, and 20-nt fraction and a lower percentage of the 24-to 25-nt fraction (Fig. 4B) . All snRF reads were of the same size-26 nt in both groups-and all were stemming from U4 spliceosomal RNA (unpublished data, 2017) .
A significant decrease was found in R44/J54/Z268-3´, snoR110-3´, snoR114-5´ snoRFs in the progeny of heat-stressed plants (Fig. 4C) . The enrichment analysis of snoRFs showed a significant decrease in the enrichment in snoR98-3´ and snoR110-3´ and an increase in the enrichment in snoR103-3´, snoR114-5´, snoR118-3´, and snoR134-3´ (Fig. 4D) .
Annotation of Potential Messenger RNA targets of Noncoding RNA Fragments and the Analysis of Enrichment of Various Pathways To identify potential targets of ncRFs, we used a plant miRNA target prediction server miRU (Zhang, 2005) . A comparison of targets between heat-treated and control leaves showed the difference only in few genes. In the progeny of heat-stressed plants, there was a significantly higher number of tRFs targeting Bra010298, Bra023165, Bra007154, and Bra020755 and a significantly lower number of those ones targeting Bra007620, Bra010618, and Bra024316 (Fig. 5A) . The snoRFs targeting Bra039389, Bra034014, and Bra003227 were significantly downregulated, whereas snoRFs targeting Bra029738 and Bra039448 were significantly upregulated (Fig. 5B) . No significant difference was found for rRF or snRF targets.
The Analysis of Noncoding RNA Fragment Targets using SuperViewer The SuperViewer analysis of potential tRF targets showed many biological processes to be enriched either in the heat group, the control group or both; however, no significant difference between the two groups was found for any biological process (Fig. 6A) . A similar picture was observed for molecular functions-no significant difference was found between the two groups (Fig. 6B) . A cellular component cytosol was enriched in the control group and a cellular component ER in the heat group, and as to the latter component, there was a significant difference between the control and heat group (Fig. 6C) .
Among the potential snoRF targets, the biological processes DNA and RNA metabolism, signal The asterisks show a significant (p < 0.05) difference between the percentage of reads in heat vs. Ct groups. tRNA, transfer RNA; snoRNA, small nucleolar RNA; rRNA, ribosomal RNA; miRNA, micro RNA; snRNA, small nuclear RNA. Heat-induced changes in (B) the frequency of mapping ncRNA fragments to different regions of specific ncRNAs in the progeny of control and in (C) the progeny of heat-treated plants. The entire length of each ncRNA was taken as 100% and then divided into bins of 10% each, with 0 to 10% representing the first 10% of the ncRNA's length starting from the 5´ end. The data are shown, and the relative frequency of reads (calculated from two biological replicates) in a specific bin was calculated by dividing the frequency of reads in a specific bin to all reads mapping to the entire length of ncRNA.
transduction, developmental processes, response to stress, response to abiotic and biotic stimulus, and cell organization and biogenesis were enriched in the control but not the heat group, although no significant difference was found between the two groups (Supplemental Fig. S4A ). The molecular functions hydrolase activity and protein binding were enriched in the control group, while other enzyme activity was enriched in the heat group, and a significant difference between the two groups was found for protein binding (Supplemental Fig. S4B ). The cellular component cytosol was enriched in the control group, whereas ER, other membranes, and plasma membrane were enriched in the heat group, although no significant difference was found between the two groups (Supplemental Fig. S4C ). No enrichment was found among rRF and snRF targets. The y-axis shows the percentage of total tRF reads of specific size in the progeny of control and heat stressed plants. The data are shown as an average calculated from two biological replicates with SD. The asterisks show a significant (p < 0.05) difference between heat and control (Ct) groups. (B) The y-axis shows the percentage of total tRF reads (average with SD) mapping to specific tRNA relative to reads mapping to all tRNAs. The asterisks show a significant (p < 0.05) difference between heat and Ct groups. (C) Enrichment of tRF reads. Numbers show the fold enrichment of tRF vs. tRNA in the progeny of control and heat-stressed leaf samples. Fold enrichment (average with SD) was calculated by dividing the number of tRF reads (those shorter than 27 nt) by the number of tRNA reads (those longer than 27 nt). Asterisks indicate significant difference (p < 0.05).
discussion
Here, we analyzed the differential expression of ncRFs in the progeny of heat-stressed and control plants. The plants that we analyzed were not exposed to any stress, and therefore any difference observed in this work was due to heat exposure in the parental generation.
We found a significant abundance of reads mapping to tRNA Asp . It is possible that a high frequency of occurrence of reads mapping to tRNA Asp was due to a higher ligation efficiency of these fragments to the adaptors during the preparation of libraries for sequencing. Previously, in yeast, it was shown that tRNA Gly(GCC) , tRNA Gly(UCC) , tRNA His(GUG) , tRNA Ser(AGA) , and tRNA Cys(GCA) had the extremely high read counts, and it was hypothesized that this likely was due to a higher ligation efficiency (Pang et al., 2014) . In our experiment, reads mapping to these tRNAs were not high in abundance. In humans, tRNAs differed drastically in their expression in various tissues, with no specific tRNA being overly abundant in all tissues (Dittmar et al., 2006) . Our previous work also showed the tissue-specific expression of tRNAs, although two specific tRNAstRNA Gly , and tRNA Glu -were in high abundance in many tissues (Byeon and Kovalchuk, 2017) . The tRNA Asp was also higher than average but not as high as the other two.
The main difference between the progeny of heatstressed and control plants was the change in abundance of tRFs and snoRFs, with changes in the enrichment in specific groups. A significant decrease in the percentage of tRF Ala , tRF Arg , and tRF Tyr and a significant increase in tRF Asp were observed in the progeny of heat-stressed plants. In our previous work, we found that heat exposure leads to an increase in tRF Asp in leaves, the apical meristem, and endosperm and a decrease in tRF Ala and tRF Arg in the parental generation (Byeon et al., 2018) . Generation of tRFs is known to be increased by stress. An increased tRNA processing was linked to oxidative stress in organisms as diverse as yeast, plants, and animals; exposure to hydrogen peroxide (H 2 O 2 ) increased the cleavage frequency of tRNAs (Thompson et al., 2008). The stress-induced tRFs are responsible for mediating stress granule assembly and the inhibition of protein synthesis (Emara et al., 2010) . Transfer RNA fragments are known to be differentially expressed in various cancers (Olvedy et al., 2016) and are believed to be essential for suppressing cancer progression (Goodarzi et al., 2015) .
We previously demonstrated that certain tRNAs are processed into tRFs more frequently than the others (Byeon and Kovalchuk, 2017) . More recently, we have found that exposure to heat changes the enrichment of many tRFs, with tRF5´A sp (GUC) , tRF Gly(UCC) , and tRF Pseudo(UCC) being changed the most (Byeon et al., 2018) . In this work, we showed that tRFs processed from tRNA Ala(AGC) , tRNA Ala(UGC) , tRNA Arg(UGC) , tRNA Thr(UGU) , tRNA Pseudo(UCC) , and tRNA Val(CAC) isoacceptors were significantly changed in the progeny of stressed plants. In Table 1 we provided the comparison of changes in the expression of tRNAs and the enrichment of tRFs that were significantly changed in this study to the changes in the same tRFs found in the other reports. In yeast, significant changes were observed in the abundance of tRF fragments mapping to tRNA Gly(UCC) , tRNA Glu(CUC) , tRNA Ile(AAU) , tRNA Thr(UGU) , tRNA Leu(UAA) , tRNA Arg(UCU) , and tRNA Asp(GUC) in response to H 2 O 2 exposure, and in the abundance of tRNA Gly(UCC) , tRNA Ile(AAU) , tRNA Leu(UAA) and tRNA Asp(GUC) in response to methylmethane sulfonate exposure (Pang et al., 2014) (Table 1) .
The stress-induced changes in tRF processing were reported for several different plants. In wheat, heat, drought, and salt lead to the overaccumulation of tRF Val(CAC) , tRF Thr(UGU) , tRF Tyr(GUA) , and tRF Ser(UGA) . In Arabidopsis, drought leads to the enrichment of tRF Ala(AGC) , tRF Arg(CCU) , tRF Arg(UCG) , and tRF Gly(UCC) , whereas salt results in the enrichment of tRF Ala(AGC) , tRF Arg(CCU) , and tRF Gly(UCC) (Loss-Morais et al., 2013) . A similar phosphate deficiency enriches tRF Gly(UCC) and tRNA Asp(GUC) in Arabidopsis (Hsieh et al., 2009 ) and tRNA Arg(CCU) , tRNA Arg(UCU) , tRNA Arg(ACG) , tRNA Gly(ACC) , tRNA His(AUG) , and tRNA Thr(UGU) in barley (Hackenberg et al., 2013) . Finally, exposure to Phytophthora capsici Leon. enriches tRF Ala(AGC) , tRF Ala(CGC) , tRF Val(CAC) , tRF Val(AAC) , tRF His(GUG) , tRF Gly(UCC) , tRF Met(CAU) , tRF Asp(GUC) , and tRF Phe(GAA) in black pepper (Piper nigrum L.) (Asha and Soniya, 2016) . So, as it appears, the expression of tRF Asp , tRF Ala , and tRF Asp and the enrichment of tRF Ala(AGC) and tRF Arg(UCG) are commonly changed in response to many stresses (Table 1) .
There were only seven genes among potential targets that were differentially targeted by tRFs in the progeny of heat-stressed plants; in four of them-namely Bra010298, Bra023165, Bra007154, and Bra020755-tRFs were enriched, and in three of them-Bra007620, Bra010618, and Bra024316-tRFs were underrepresented (Fig. 5A) . We previously reported that tRFs targeted three of these genes: Bra010298, Bra023165, and Bra007154. Curiously, one of these genes was also differentially targeted in the parental generation exposed to heat. In the heat-stressed plants, tRFs targeting Bra007154 were downregulated in leaves, the apical meristem, and the embryo (Byeon et al., 2018) . In our previous study, we demonstrated the existence of the negative correlation between the expression of Bra007154 gene and the number of tRFs in the embryo tissues, suggesting that this tRF group likely targets Bra007154.
Bra007154 encodes the 3-oxo-5-α-steroid 4-dehydrogenase family protein; this protein was shown to be involved in plant brassinosteroid biosynthesis, which resembles a similar system in mammals (Rosati et al., 2003) . A knockout of one such gene in Arabidopsis leads to a dwarf phenotype, whereas the overexpression improves the plant growth, resulting in longer roots and larger plants with larger siliques (Youn et al., 2018) . It is possible that inheriting the differential expression of tRFs targeting the gene involved in brassinosteroid metabolism allows the progeny of heat-stressed plants to be better prepared to respond to stress.
Transfer RNA fragments targeting Bra010298 were found to be the most abundant tRFs in leaves of the parental generation, although their expression was not changed in response to heat (Byeon et al., 2018; Byeon and Kovalchuk, 2017) . Bra010298 encodes the hydrogenexporting ATPase with a phosphorylative mechanism. Such ATPases represent proton pumps that drive the secondary transport processes and are essential for the uptake of various metabolites; these enzymes were shown to be important during a normal plant development and in response to stress (Haruta et al., 2015) .
Another differentially expressed tRF targeting Bra023165 was also found to be abundant in leaves of the parental generation and was not altered by heat in the directly exposed plants; this tRF was enriched in the progeny of heat-stressed plants. Bra023165 encodes the inositol monophosphatase-like 1 (IMPL1) protein, an enzyme that is essential for the de novo synthesis of inositol and the breakdown of inositol trisphosphate, a messenger molecule involved in various physiological processes in plants (Nourbakhsh et al., 2014) .
Transfer RNA fragment targeting Bra020755 was also enriched in the progeny of heat-stressed plants; this gene encodes a monovalent cation-proton antiporter, which is similar to Arabidopsis cation-H+ exchange 9 (ATCHX9). The overexpression of a cation-proton antiporter in Arabidopsis results in salt and heat-stress tolerance in transgenic plants (Pehlivan et al., 2016) .
Transfer RNA fragment targeting Bra007620 was downregulated; Bra007620 encodes the 3´-5´-exoribonuclease, which is homologous to the RNA binding (RRP41) protein in Arabidopsis. It is a component of the exosome complex that participates in RNA processing, maturation, and degradation (Chekanova et al., 2000) . RRP41L, the homolog of RRP41, plays an important role in seed germination and early seedling growth by mediating a specific cytoplasmic mRNA decay in Arabidopsis (Yang et al., 2013) . Fig. 6 . The analysis of the enrichment in (A) biological processes, (B) molecular functions, and (C) cellular components among transfer RNA fragment (tRF) targets in the leaves of progeny of control (Ct) and heat-stressed plants. A ranking score is calculated for each functional class. The input set is bootstrapped 100 times to provide some idea as to over-or under-representation reliability. All data points represent significant enrichment scores shown as asterisks (p < 0.05). The bars show the standard deviation calculated from 100 boot straps. Hash symbol shows significant difference between heat and Ct groups.
Another tRF found to be downregulated was Bra024316, encoding FAS2 (FASCIATA 2) homolog, a p60 subunit of the Chromatin Assembly Factor-1 (CAF-1) protein. CAF-1 is involved in the organization of the shoot and root apical meristems and in the nucleosome organization at the molecular level (Munoz-Viana et al., 2017) . Curiously, mutation in FAS2 results in progressive transgenerational changes in the epigenetic regulation rather than genetic changes (Mozgova et al., 2018) . It can be hypothesized that changes in the expression of FAS2 through tRF regulation may contribute to the epigenetic regulation of response to heat and specifically to the establishment of transgenerational effects.
conclusion
Our work demonstrates that changes in the expression of some ncRNAs and ncRFs are inherited by the progeny of stressed plants. We have found that changes in tRF expression are most pronounced among various ncRFs. We hypothesize that these altered tRFs play a significant role in transgenerational response and may contribute to the improvement of plant responses to future stress encounters via the regulation of brassinosteroid metabolism (Bra007154), the regulation of the proton pump ATPase activity (encoded by Bra010298), the antiporter ATCHX9 activity (encoded by Bra020755), cellular signaling through IMPL1 protein (Bra023165), the mRNA decay activity through RRP41 protein (encoded by Bra007620), as well as through the modification of nucleosome positioning and the epigenetic regulation of transgenerational response through the FAS2 activity (encoded b Bra024316).
Supplemental Information Available
Supplemental Fig. S1 . Schematic diagram of 36 nt single read sequencing run. A-Schematic diagram of the 145-160 nt fragments excised from the gel: "55 nt" and "63 nt" sequences are the adaptors and "20-35 nt" fragments are the insert. B-detailed diagram: "48 nt"-part of the 55 nt adaptor; "7 nt"-part of the 55 nt adaptor that is sequenced; "36 nt"-sequenced fragment that include 7 nt of the adaptor and 29 nt of the insert; "20-35 nt"-insert fragment; "63 nt"-adaptor.
Supplemental Fig. S2 . The distribution of reads mapping to different ncRNAs by size in the progeny of control and heat-stressed plants
The Y-axis shows the average read size calculated from two biological repeats (shown as a thick line across the bar). The bottom and top of a rectangle indicate the first and third quartiles, respectively. The lower and upper ends of the vertical line that extend outside the rectangle represent the minimum and maximum, respectively. The horizontal thick line inside the rectangle is the median, and the circle beyond the rectangle displays an outlier.
Supplemental Fig. S3 . Comparison of tRF size distribution in heat exposed parental generation and the progeny Y-axis shows the percentage of total tRF reads of specific size in the leaves of the exposed parental generation and in their progeny plants. The data are shown as an average calculated from two biological replicates with Table 1 . Somatic and transgenerational changes in the expression of transfer RNAs (tRNAs) and tRNA fragments (tRFs). Changes in number of reads mapping to tRNAs and tRF enrichment in somatic tissues in response to stress and in the progeny of stressed plant. Heat-induced in B. rapa (Byeon et al., 2018 ) Upregulated by P-deficiency in Arabidopsis (Hsieh et al., 2009) Induced by salt and osmotic stress in Physcomitrella patens (Arya et al., 2016) 
Enriched
Enriched in unpollinated ovules in heat-stressed B. rapa (Byeon et al., 2018) Enriched by heat and drought in wheat Enriched by salt in Arabidopsis (Loss-Morais et al., 2013) Enriched by infection of black pepper with Phytophthora capsici (Asha and Soniya, 2016 ) tRF Ala(UGC)
Enriched in unpollinated ovules in heat-stressed B. rapa (Byeon et al., 2018) Underrepresented in apical meristem and endosperm of heat-stressed B. rapa (Byeon et al., 2018) 
Under-represented
Enriched by heat/drought in wheat Enriched by P-deficiency in barley (Hackenberg et al., 2013) tRF Val(CAC) 
Enriched
Enriched by heat/drought in wheat ; Enriched by infection of black pepper with Phytophthora capsici (Asha and Soniya, 2016) SD. The asterisks show a significant (p < 0.05) difference between parental and progeny plants.
Supplemental Fig. S4 . The analysis of the enrichment in biological processes (A), molecular functions (B) and cellular components (C) among snoRF targets in the leaves of progeny of control and heat-stressed plants.
A ranking score is calculated for each functional class. The input set is bootstrapped 100 times to provide some idea as to over-or under-representation reliability. All data points represent significant enrichment scores, shown as asterisks (p < 0.05). The bars show the standard deviation calculated from 100 boot straps. Hash symbol shows significant difference between heat and control groups.
